Introduction
The extracellular calcium-sensing receptor (CaR) is a plasma membrane-bound G protein-coupled receptor that is activated by extracellular calcium (Ca 2+ o ). CaR is expressed in multiple tissues including parathyroid gland, thyroid, kidney, intestine, bone, bone marrow, brain, skin, pancreas, lung, and heart (1-9). Activation of parathyroid gland CaR regulates Ca 2+ o homeostasis by suppressing parathyroid hormone (PTH) secretion. Mutations in the human CASR gene have been shown to cause familial hypocalciuric hypercalcemia (FHH), neonatal severe hyperparathyroidism (NSHPT) (10) , and autosomal dominant hypocalcemia (11, 12) . These Mendelian disorders are all characterized by an altered response to Ca 2+ o .
In 1995, Ho et al. used homologous recombination to develop a mouse model with a targeted disruption in the CaR gene (also known as Casr) in order to examine the role of CaR in calcium homeostasis and elucidate the mechanism by which inherited human CASR defects cause disease (13) . Mice heterozygous for deficient CaR alleles (CaR +/-) mimic the phenotype of patients with FHH and exhibit modest elevations in serum calcium levels with relative hypocalciuria. Mice homozygous for null CaR alleles (CaR -/-) exhibit a phenotype similar to human NSHPT. CaR -/-mice display severe hyperparathyroidism and hypercalcemia, parathyroid hyperplasia, bone abnormalities, growth retardation, and death shortly after birth (13) . Most of these abnormalities are presumed to be due to the effects of hyperparathyroidism and hypercalcemia. However, both the wide tissue distribution of CaR
The extracellular calcium-sensing receptor (CaR; alternate gene names, CaR or Casr) is a membranespanning G protein-coupled receptor. CaR is highly expressed in the parathyroid gland, and is activated by extracellular calcium (Ca 2+ o ). Mice homozygous for null mutations in the CaR gene (CaR -/-) die shortly after birth because of the effects of severe hyperparathyroidism and hypercalcemia. A wide variety of functions have been attributed to CaR. However, the lethal CaR-deficient phenotype has made it difficult to dissect the direct effect of CaR deficiency from the secondary effects of hyperparathyroidism and hypercalcemia. We therefore generated parathyroid hormone-deficient (PTHdeficient) CaR -/-mice (Pth -/-CaR -/-) by intercrossing mice heterozygous for the null CaR allele with mice heterozygous for a null Pth allele. We show that genetic ablation of PTH is sufficient to rescue the lethal CaR -/-phenotype. Pth -/-CaR -/-mice survive to adulthood with no obvious difference in size or appearance relative to control Pth -/-littermates. Histologic examination of most organs did not reveal abnormalities. These Pth -/-CaR -/-mice exhibit a much wider range of values for serum calcium and renal excretion of calcium than we observe in control littermates, despite the absence of any circulating PTH. Thus, CaR is necessary for the fine regulation of serum calcium levels and renal calcium excretion independent of its effect on PTH secretion. expression and reports of possible roles for CaR in processes not directly related to calcium homeostasis (including neuronal transmission, cellular proliferation, lymphocyte differentiation, and hormonal secretion) raise the possibility that some aspects of the phenotype in these mice (and in humans with NSPHT) may be due to an essential role for CaR signaling in these processes (14) (15) (16) (17) .
Low dietary calcium intake and hypocalcemia are major stimuli for PTH secretion leading to parathyroid gland hyperplasia (18, 19) . The observed parathyroid gland hyperplasia in patients and mice with homozygous mutations in CaR suggests that the parathyroid gland enlargement seen during calcium deficiency may not be due to overstimulation of the gland but to a direct effect of understimulation of CaR. CaR transcripts have been identified in cartilage and bone marrow as well as in osteoclast and osteoblast cells (20) (21) (22) . It has been hypothesized that local changes in Ca 2+ o acting through CaR may serve a physiological role in regulating the differentiation and function of chondrocytes, osteoblasts, and osteoclasts and therefore may have a direct effect on bone function independent of PTH (23) (24) (25) .
In order to address some of these questions, we attempted to rescue the CaR-deficient mice by genetic means. Earlier unsuccessful efforts included crossing the targeted CaR allele onto collagenase-resistant Col1a1 mice (26), osteoclast-deficient Op/Op mice (27) , and transgenic mice in which expression of wild-type CaR is targeted to the parathyroid gland (26) . Here, we describe the results of our efforts to separate the direct effect of CaR deficiency from the confounding effects of hyperparathyroidism and hypercalcemia by examining the role of CaR in a mouse model that lacks PTH. Homozygous PTH-deficient mice (Pth -/-) display diminished cartilage matrix mineralization and reduced metaphyseal osteoblasts and trabecular bone during the fetal and neonatal period, but these findings normalize in adulthood (28) . We bred CaR +/-mice with mice heterozygous for a null Pth allele (Pth +/-) and crossed the double heterozygous offspring to generate mice lacking both PTH and CaR (Pth -/-CaR -/-). We made direct comparisons between the phenotypes of CaR -/-mice and CaR-expressing sex-matched littermates, on Pth -/-backgrounds, in order to assess the role of CaR independent of the effects of PTH.
Methods
Derivation of PTH and CaR double null mice. The derivation of the two parental strains of CaR -/-mice and Pth -/-mice by homologous recombination in embryonic stem cells was previously described by Ho et al. (13) and Miao et al. (28) , respectively. Briefly, a neomycin resistance gene was inserted into exon 5 of the mouse CaR gene. Western blot analysis of kidney protein membrane extracts from homozygous CaR -/-mice confirmed that no detectable protein is expressed from this allele (13) . A neomycin resistance gene was inserted into exon 3 of the mouse Pth gene resulting in the replacement of the entire coding sequence of mature PTH. Lack of PTH expression in parathyroid glands was confirmed by immunostaining (28) . Mice heterozygous for the null CaR allele were previously described as being fertile (13) , as were mice heterozygous for the null Pth allele (28 Genotyping of mice. Genomic DNA was isolated from tail fragments by standard phenol-chloroform extraction and isopropanol precipitation. To determine the genotype at both the Pth and CaR loci, four PCR amplification reactions were required for each animal. To assay for the presence of the wild-type CaR allele, samples were amplified with CaR forward primer CaR6h5′ (5′ TCT GTT CTC TTT AGG TCC TGA AAC A 3′) and CaR reverse primer CaR6h3′ (5′ TCA TTG ATG AAC AGT CTT TCT CCC T 3′). To detect the presence of the null CaR allele, Neo forward primer r-Neo-2 (5′ TCT TGA TTC CCA CTT TGT GGT TCT A 3′) was used with the CaR reverse primer CaR6h3′. The wild-type Pth allele was detected using PTH forward primer PTHF2 (5′ GAT GTC TGC AAA CAC CGT GGC TAA 3′) and PTH reverse primer PTHR2 (5′ TCC AAA GTT TCA TTA CAG TAG AAG 3′). The null Pth allele was assayed using the Neo forward primer r-Neo-2 and the PTH reverse primer PTHR2. All PCR reactions were performed using Hot Start Taq polymerase (Qiagen, Valencia, California, USA) with 35 cycles of 95°C for 17 minutes, 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 45 seconds and then a final 7-minute extension at 72°C.
Histopathology. At necropsy, mice were perfused in Bouin's fixative for several days at ambient temperature. Kidney, intestine, brain, spine, heart, lung, and bone tissues were excised and embedded in paraffin wax. The thyroid, parathyroid glands, trachea, esophagus, muscle, and adipose tissue were dissected, processed, and embedded en bloc. All sections were stained with H&E. To locate the parathyroid glands, serial sections of the thyroid bloc were cut to a thickness of 5 µm.
Analytical procedures for determining serum and urine parameters. One day before sacrifice, mice were housed in metabolic cages, and urine was collected for 16 hours overnight. Mice were sacrificed using CO 2 , and blood was collected by cardiac puncture. Serum and urine calcium levels were determined using the o-cresolphthalein-complexone method (Sigma-Aldrich, St. Louis, Missouri, USA). Serum and urine creatinine levels were measured using the alkaline picrate method (Sigma-Aldrich). Serum and urine phosphorus levels were determined using the ammonium molybdate method (Sigma-Aldrich). The fractional excretion of calcium was calculated according to the following equation: FECa = (urine Ca × plasma creatinine)/(plasma Ca × urine creatinine) × 100.
RNA isolation and preparation of cDNA. Whole kidney and duodenum were excised, frozen in liquid nitrogen and stored at -80°C until used. Tissue samples were thawed in TRIzol reagent (Invitrogen, Carlsbad, California, USA) and homogenized. RNA extraction was performed according to the TRIzol manufacturer's protocol. Reverse transcription reactions were performed using the SuperScript First-Strand Synthesis System (Invitrogen).
Detection of calcium transporter CaT1 and CaT2/ECaC expression by quantitative real-time PCR.
To determine the number of cDNA molecules in the reverse-transcribed samples, real-time PCR analyses were performed using the LightCycler system (Roche Molecular Biochemicals, Indianapolis, Indiana, USA). PCR was performed using 2 µl of LightCycler DNA master SYBR Green I (Roche), 0.25 µM of each 5′ and 3′ primer, and 2 µl of samples or H 2 O to a final volume of 20 µl. The MgCl 2 concentration was adjusted to 3 mM. Samples were denatured at 95°C for 20 seconds with a temperature transition rate of 20°C per second. Amplification and fluorescence determination were carried out in four steps: denaturation at 95°C for 0 seconds, with a temperature transition rate of 20°C per second; annealing for 5 seconds at 62°C for calcium transporter type 1 (CaT1) and calcium transporter type 2 (CaT2/ECaC) and at 60°C for GAPDH, with a temperature transition rate of 8°C per second; extension at 72°C for 20 seconds (25 seconds for GAPDH), with a temperature transition rate of 4°C per second; and detection of SYBR Green fluorescence, which reflects the amount of double-stranded DNA and was performed at 86°C (85°C for GAPDH) for 3 seconds. The amplification cycle number was 40 for CaT1 and CaT2/ECaC and 30 for GAPDH.
To discriminate specific from nonspecific cDNA products, a melting curve was obtained at the end of each run. Products were denatured at 95°C for 3 seconds, and the temperature was then decreased to 65°C for 15 seconds and raised slowly from 65°C to 95°C using a temperature transition rate of 0.1°C per second. To determine the number of copies of the targeted DNA in the samples, purified PCR fragments of known concentrations were serially diluted and served as external standards that were measured in each experiment. Data were normalized with GAPDH levels in the samples. The primer sequences used for PCR are as follows: CaT1 forward primer, (5′ ATC GAT GGC CCT GCG AAC T 3′); CaT1 reverse primer, (5′ CAG AGT AGA GGC CAT CTT GTT GCT G 3′); CaT2 forward primer, (5′ ATT GAC GGA CCT GCC AAT TAC AGA G 3′); CaT2 reverse primer, (5′ GTG TTC AAC CCG TAA GAA CCA ACG GTC 3′); GAPDH forward primer, (5′ TCA CCA TCT TCC AGG AGC G 3′); and GAPDH reverse primer, (5′ CTG CTT CAC CAC CTT CTT GA 3′).
Preparation of samples for bone mineral density and histomorphometric analysis. Both hind limbs were dissected out from the axial skeleton and cleared from the surrounding tissue and then immersed in 70% ethanol with the vertebral column for fixation. In addition, three pairs of mice were labeled with double fluorochromes for dynamic histomorphometric bone study. Tetracycline hydrochloride (0.03 mg/g of body weight) was administered intraperitoneally 10 days before sacrifice. Calcein (0.02 mg/g of body weight) was administered intraperitoneally 3 days before sacrifice.
Bone mineral density measurement. Bone mineral density (BMD) measurements were performed on the dissected bones using lunar PIXImus densitometry (GE Lunar Corporation, Madison, Wisconsin, USA). Measurements were conducted on the right femur and tibia, the left femur and tibia, and the lumbar spine using the image analysis software provided by the system. BMD (in g/cm 2 ) was defined as the integral mass of bone mineral per unit of projected areas.
Bone histomorphometry. After fixation in 70% ethanol for 48 hours and BMD image acquisition, the undecalcified left hind limbs and the upper spine (thoracic vertebrae) were embedded in methylmetacrylate for dynamic bone studies. The right hind limbs and lower spine (lumbar and sacral regions) were decalcified, processed, and embedded in paraffin for H&E and tartrate-resistant acid phosphatase (TRAP) staining. Longitudinal midsagittal sections 7 µm in thickness of all the tissues were prepared for histomorphometric analysis. All measurements were performed using an Olympus microscope; images were taken and analyzed using the Metamorph software (Universal Imaging Corporation, Downingtown, Pennsylvania, USA).
Trabecular bone volume was assessed on the secondary spongiosa of the proximal tibia, distal femur, and lumbar spine at ×40 magnification on H&E-stained sections and expressed as a percentage of total tissue volume. Osteoclast number was assessed in the same regions on TRAP-stained sections at ×100 magnification and expressed as osteoclast number per millimeter of bone surface. The trabecular surface labeled with double or single labels was measured using fluorescence microscopy at ×400 magnification. Measurements were performed on two fields per section of two consecutive sections. The mineral apposition rate (MAR) and bone formation rate (BFR) were calculated by examination of tetracycline and calcein-labeled bones as described previously (29) .
Statistics. We evaluated the differences between multiple Pth -/-CaR -/-and control littermates using paired t tests. All values are expressed as means ± SD. The computations and graphs illustrated in Table 1 , Figure 3 , and Figure 6 were performed using the GraphPad Prism 3.0 scientific graphing, curve fitting, and statistics program for Macintosh (GraphPad Software Inc., San Diego, California, USA). In addition, we tested the data for serum calcium concentration, urine calcium/urine creatinine ratio, and fractional excretion of calcium to see if the variance of the Pth -/-CaR -/-animals exceeded the variance of the controls (defining the absence of a difference in the variance as the null hypothesis) using a one-sample χ 2 test (SAS/Analyst version 8, Cary, North Carolina, USA). Statistical analyses were supported in part by the Biostatistics Consulting Service of the Center for Clinical Investigation at Brigham and Women's Hospital.
Results
Rescue of lethal CaR-deficient phenotype in the absence of PTH. Pth -/-CaR -/-mice were born in predicted Mendelian ratios. The lethal phenotype of CaR-deficient mice previously described by Ho et al. (13) was not observed in animals also deficient for PTH. Of the over 40 animals generated that were homozygous for null alleles at both the PTH and CaR loci, all but two pregnant females survived well into adulthood, appeared healthy, and exhibited no visible abnormalities.
Reduced fertility of Pth -/-mice. During attempts to establish a breeding colony, we noticed very reduced pregnancy and offspring rates in cages of Pth -/-mice regardless of CaR genotype. Five Pth -/-females died (including two Pth -/-CaR -/-females) during pregnancy or while lactating. We hypothesized that hypocalcemia during pregnancy and lactation was the cause of death and therefore maintained all Pth -/-mice on a high-calcium (2%), high-vitamin D diet. To assay the affect of the high-calcium diet on serum calcium levels, two groups of Pth -/-CaR +/+ control animals were maintained on either a regular or a high-calcium diet for 2 weeks and then sacrificed so that serum could be
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The (Figures 1 and 2) . We observed no differences between CaR-deficient mice and control littermates in light microscopic and histologic analyses of tissues from multiple organs, including gonads, thymus, brain, kidney, lung, and liver (data not shown).
Histologic examination of parathyroid glands. Examination of the parathyroid glands from Pth -/-CaR -/-mice revealed a marked increase in the glandular size and hypercellularity in three out of three animals examined ( Figure 3 ). This is consistent with earlier observations in CaR -/-mice (14) . Thus, parathyroid gland hyperplasia in CaR-deficient mice can occur independently of the presence of PTH. Fifty percent of the control animals (one of two Pth -/-CaR +/-mice and one of two Pth -/-CaR +/+ mice) also exhibited some degree of hyperplasia.
Biochemical analyses. We measured serum and urine calcium, phosphorus, and creatinine levels ( Table 1) . There was a trend toward hypercalcemia and hypercalciuria in Pth -/-CaR -/-mice relative to controls, but the differences in these serum and urine measurements did not reach statistical significance. Further examination of the data and P values suggested that increasing the sample size would not increase the significance. Although the mean values for serum calcium, the urine calcium/urine creatinine ratio, and the fractional excretion of calcium were not significantly different between Pth -/-CaR -/-mice and control mice, the variability in these values was much greater in Pth -/-CaR -/-mice than in controls (Figure 3) . The variation in the serum calcium levels of the Pth -/-CaR -/-mice (SD = 16.523) was significantly greater than the variation in controls (SD = 0.470, P < 0.0001) ( Table 1 and Figure 4a) . Similarly, the variation in the urine calcium/urine creatinine ratio of the Pth -/-CaR -/-mice (SD = 1.178) was significantly greater than the variation in controls (SD = 0.3887, P < 0.001) ( Table 1 and Figure 4b ), and the variation in the fractional excretion of calcium for Pth -/-CaR -/-animals was significantly greater (P < 0.0001) than that of controls as well (Table  1 and Figure 4c) .
Alterations in intestinal and renal calcium transporter expression. We assayed the mRNA expression of CaT1 (30) and CaT2/ECaC (31, 32) in the duodenum and in the kidney by quantitative real-time PCR. Results were normalized to control animal expression levels of 100%. We compared expression in RNA samples from three pairs of sex-matched littermates maintained on highcalcium diets and three pairs of sex-matched littermates on regular diets. We performed assays in duplicate for each RNA sample. CaT1 and CaT2/ECaC expression was consistently higher in the kidneys of CaR-deficient mice (65% and 60% higher, respectively; data from both diets) ( Figure 5 ). These differences reached statistical significance with P = 0.015 and P = 0.0025, respectively, in paired t tests.
Intestinal CaT1 expression has been shown to be downregulated in animals fed high-calcium diets (33) . In the mice we studied that were fed high-calcium diets, intestinal CaT1 expression was highly variable. In both the mice fed high-calcium diets and those fed regular diets, the overall trend was toward increased CaT1 Results are means ± SD; n indicates the number of mice analyzed in paired comparisons. Fractional excretion was calculated as urine calcium (or phosphorus) × serum creatinine/urine creatinine × serum calcium (or phosphorus). NS, not significant. A P =0.06-0.5 for two-tailed paired t test comparing values in Pth -/-CaR -/-mice and control littermates. B P < 0.001 for a one-sample χ 2 test to assess if Pth -/-CaR -/-variance exceeded the null hypothesis (control variance). C There was a trend toward increased values for the urine calcium/urine creatinine ratio and fractional excretion of calcium in Pth -/-CaR -/-mice (in addition to increased variance) that did not reach statistical significance, with P = 0.059 and P = 0.082, respectively.
Figure 4
Histologic appearance of parathyroid gland from control mice (a) and Pth -/-CaR -/-sex-matched littermates (b). Sections were prepared from adult mice for light microscopy and stained with H&E.
expression in the CaR-deficient animals, but this did not reach statistical significance either when the groups were analyzed separately according to diet or when all six pairs were analyzed together ( Figure 5 ). Skeletal phenotype of Pth -/-CaR -/-mice. We compared bones from CaR-deficient and CaR-expressing littermates (all Pth -/-) maintained on high-calcium diets. Histologic analysis of femoral and tibial sections from Pth -/-CaR -/-mice revealed no apparent differences as compared with control littermates (data not shown). However, light microscopy of H&E-stained sections of vertebral bone from Pth -/-CaR -/-mice revealed decreased marrow space, suggesting that BMD was increased in the spines of these mice ( Figure 6, b and d) . Analysis of BMD measurements showed that female Pth -/-CaR -/-mice, but not male Pth -/-CaR -/-mice, have a statistically significant increase in vertebral BMD as compared with sex-matched control littermates (mean = 0.083 g/cm 2 and SD = 0.016 in CaR-expressing mice, mean = 0.103 g/cm 2 and SD = 0.24 in CaR-deficient mice, P = 0.043 in a one-tailed t test). This observation supports the hypothesis that CaR has a role in normal bone function. Measurement of osteoclast number per bone volume showed a trend toward a reduction in the number of osteoclasts in the spine per millimeter of bone volume in the Pth -/-CaR -/-mice but did not reach statistical significance. Measurements of BFR and MAR, performed in three pairs of littermates, did not show any consistent changes that could be attributed to CaR absence or presence.
Discussion
The Mendelian disorders of abnormal calcium homeostasis that are caused by CaR mutations are all characterized by an altered response to Ca 2+ o by the parathyroid gland and kidneys. However, CaR is expressed in multiple tissues in addition to the parathyroid glands and kidney. It has been unclear what contribution, if any, CaR mutations in these tissues make to the overall phenotypes of CaR -/-mice and the human disorders FHH and NSHPT. Furthermore, it has been difficult to determine which abnormalities caused by inherited defects in CaR are direct effects of the CaR alterations and which are secondary to hypercalcemia and hyperparathyroidism.
In this study, we developed a CaR-deficient mouse model that survives into adulthood. By eliminating PTH, we separated the detrimental effects of hyperparathyroidism and severe hypercalcemia from the direct effects of CaR deficiency. In order to compare the effects of CaR deficiency rather than the compound effects of two mutant genes, we made all of our comparisons between Pth -/-CaR -/-mice and PTH-deficient Expression levels of CaT1 and CaT2/ECaC are altered in Pth -/-CaR -/-mice relative to control littermates. The mRNA expression levels of CaT1 (black bars) and CaT2/ECaC (white bars) in the duodenum and kidney were assessed by real-time quantitative PCR and normalized against GAPDH mRNA levels. We compared expression in RNA samples from three pairs of sex-matched littermates maintained on high-calcium diets (2% calcium, top) and three pairs of sex-matched littermates on regular diets (0.81% calcium, bottom). We performed assays in duplicate for each RNA sample. Renal CaT1 and CaT2/ECaC expression were consistently higher in CaR-deficient mice, regardless of diet (mean increased expression of 65% and 60%, respectively). These differences reached statistical significance with P = 0.015 and P = 0.0025, respectively, in paired t tests. Intestinal CaT1 expression was highly variable. In animals fed high-calcium diets as well as those fed regular diets, the overall trend was toward increased CaT1 expression in the CaR-deficient animals, but this trend did not reach statistical significance either when the groups were analyzed separately according to diet or when all six pairs were analyzed together. control sex-matched littermates (as opposed to wildtype mice). The Pth -/-CaR -/-mice were viable and fertile, although females had difficulty maintaining pregnancies and nursing pups when not on a calcium-enriched diet. Our results show that the major phenotypic features characteristic of CaR -/-mice are the consequence of impaired suppression of PTH secretion and the resulting elevation in serum calcium levels and not the direct effect of CaR deficiency. This work further supports the hypothesis that the primary role of CaR is to suppress PTH secretion.
All of the Pth -/-CaR -/-mice had grossly enlarged parathyroid glands. Ca 2+ o inhibits parathyroid cell proliferation. However, through studies of cyclin D1 transgenic mice, Imanishi et al. have shown that parathyroid hyperplasia can occur independently of altered Ca 2+ o -mediated control of PTH secretion (34) . Our finding that CaR-deficient mice show parathyroid hyperplasia in the absence of PTH demonstrates that parathyroid gland hyperplasia also does not depend on the overproduction of PTH per se. The enlarged parathyroid glands also observed in some of the control mice may be secondary to sustained hypocalcemia during the fetal period. Calcium is actively transported across the placenta from mother to fetus, resulting in a higher fetal calcium concentration (35) (36) (37) . The parathyroid glands of a fetus in a calcium-stressed Pth -/-mother would likely be exposed to a calcium level below normal, leading to secondary parathyroid hyperplasia.
Despite the fact that CaR-deficient mice are viable in the absence of PTH, our results indicate a role for CaR in maintaining calcium homeostasis independent of PTH. The serum calcium levels of PTH-deficient mice are much less tightly regulated in the absence of CaR. The large amount of variability between clinically significant high and low measured serum calcium values suggests that serum calcium levels in Pth -/-CaR -/-mice fluctuate widely. Similarly, urinary calcium excretion varied widely in mice lacking CaR. The mechanism by which CaR helps to maintain serum calcium levels within a narrow range in the absence of PTH is unclear, but this model should be useful for more detailed studies of CaR function in intestine, kidney, bone, and other homeostatic tissues. Our work indicates that CaR is necessary for the tight regulation of serum calcium levels independent of its effect on PTH secretion and that CaR is involved in fine tuning renal calcium excretion in a PTH-independent manner.
The trend in the Pth -/-CaR -/-animals was towards hypercalcemia and hypercalciuria. We therefore examined the expression levels of two calcium entry channels involved in the maintenance of calcium homeostasis, CaT1 (30) and CaT2/ECaC (31, 32, 38) . CaT1 is expressed throughout the human gastrointestinal tract and mediates intestinal calcium absorption (30, 33, 39) . CaT2/ECaC is kidney specific and localized to the apical membrane of the distal convoluted tubule (32) . CaT1 and CaT2/ECaC levels in the kidney and duodenum were increased in the Pth -/-CaR -/-mice, although the trend was less consistent in the duodenum than in the kidney. The increases in calcium transporter expression in the kidney and duodenum may have an impact on calcium balance and contribute to the greater variability in renal calcium excretion and serum calcium concentrations observed in the CaR-deficient mice.
We observed no detrimental bone abnormalities in Pth -/-CaR -/-mice. However, our measurements found that female Pth -/-CaR -/-mice have elevated BMD in the spine. Since multiple hypotheses were tested in the course of the various studies described in this paper, we acknowledge the possibility that this result may represent a "false positive," particularly given the P value of 0.043, which is just under the generally accepted value of 0.05. However, this finding is consistent with complementary findings from other studies. Genetic factors have been shown to account for about 50-85% of the variation in bone mass, and CaR has been examined as a possible susceptibility locus for osteoporosis. An A986S CaR polymorphism has been reported to have an effect on serum calcium, circulating PTH concentrations, and BMD in healthy Caucasian girls (40, 41) . (A second group found no significant difference in the distribution of the A986S polymorphism between groups of postmenopausal and healthy control women and concluded that CaR had no effect on BMD [42] ). Other investigators have shown that high Ca 2+ o stimulates CaR in chondrogenic cell lines, leading to increased production of mineral matrix (43) .
We have demonstrated that the lethal CaR-deficient phenotype is dependent on PTH. In the absence of PTH, serum calcium levels and urine calcium excretion are much less tightly regulated in CaR-deficient mice than in mice with CaR. These mice provide a model for more detailed examination of the role of CaR in a wide variety of physiological functions that cannot be addressed by studying mice deficient only in CaR. These findings also have implications for understanding the role of CaR in regulating bone function independently of its effect on PTH secretion.
